Excellent light-directing abilities are demonstrated by well-designed three-dimensional micrometer-sized parabolic mirrors that are fabricated by direct laser writing and subsequent surface coating of titanium and silver. The full-width at half-maximum of the measured light divergence for the mirrors with different geometries is much less than 20 μm, even when the height is up to 130 μm. These results are beneficial for developing highly collimating light-emitting diodes. The simulation for the mirrors reveals that the electric field intensity distribution is highly confined toward the central axis of the mirrors, which is consistent with the experimental results. However, experimental progress toward the realization of highly directional micrometer-parabolic mirrors has been limited so far. In this Letter, we design micrometerparabolic mirrors for highly efficient light-directing applications. The designed parabolic mirrors are then fabricated by the DLW method, where the critical fabrication ability of DLW is demonstrated not only for single mirrors but also for highly uniform mirror arrays. This process is followed by optical characterization of the fabricated mirrors. For the mirrors with different geometries, the measured full-width at half-maximum (FWHM) values of the light divergence are much less than 20 μm, even when the height above the substrate surface is up to 130 μm. Finally, the finite-difference time-domain (FDTD) simulation is conducted to compare with the experimental results. The simulation shows that the high lightdirecting abilities of the mirrors are due to the high confinement of the electric field intensity distribution toward the central axis of the mirrors and thus direct light along this axis. These results can be beneficial in developing highly collimating LEDs and ultrahigh-efficiency solar cells.
Recently, three-dimensional (3D) compound parabolic mirrors with the micrometer size have been attracting more and more attention due to their enormous application prospects in highly collimating light-emitting diodes (LEDs) and ultrahigh-efficiency solar cells [1] [2] [3] [4] [5] . In contrast to the traditional LEDs, micrometer-sized parabolic LEDs (micrometer-parabolic LEDs) have demonstrated special advantages, for example, higher light collimation [4, 5] . Currently, the micrometer-parabolic LEDs reported in the references and the commercially available micrometer-parabolic LEDs are usually fabricated by the dry etching technique [4, 5] . However, reports on the direct 3D fabrication of parabolic mirrors are very few so far [3] . In contrast to the dry etching technique, the direct laser writing (DLW) method offers unique advantages, such as direct 3D fabrication, flexible design, and printing pattern fabrication [3, [6] [7] [8] [9] . On the other hand, for solar cells, the conversion efficiency has been improving in recent years through various methods such as the advanced light trapping techniques [1, [10] [11] [12] . But, according to the thermodynamic limitation [1] , it is impossible for these methods to make a breakthrough increase in the open circuit voltage for given singlejunction solar cells or multijunction solar cells due to the huge entropic energy loss. The use of the surface light directors such as the micrometer-parabolic mirrors integrated onto the surface of the solar cells can result in ultrahigh conversion efficiency because the mirrors can direct the radiative emission from solar cells into a small solid angle and thus greatly reduce the entropic energy loss [1, 2] .
However, experimental progress toward the realization of highly directional micrometer-parabolic mirrors has been limited so far. In this Letter, we design micrometerparabolic mirrors for highly efficient light-directing applications. The designed parabolic mirrors are then fabricated by the DLW method, where the critical fabrication ability of DLW is demonstrated not only for single mirrors but also for highly uniform mirror arrays. This process is followed by optical characterization of the fabricated mirrors. For the mirrors with different geometries, the measured full-width at half-maximum (FWHM) values of the light divergence are much less than 20 μm, even when the height above the substrate surface is up to 130 μm. Finally, the finite-difference time-domain (FDTD) simulation is conducted to compare with the experimental results. The simulation shows that the high lightdirecting abilities of the mirrors are due to the high confinement of the electric field intensity distribution toward the central axis of the mirrors and thus direct light along this axis. These results can be beneficial in developing highly collimating LEDs and ultrahigh-efficiency solar cells.
The 3D micrometer-parabolic mirrors are designed by using the following equations [13] :
H r top r bott ∕ tan θ;
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where r top and r bott are the top and bottom radii for the compound parabolic mirror, respectively. θ and H are the acceptance angle of the light beam and the height for the mirror, respectively. There are two independent parameters of θ and r bott for Eqs. (1)- (3) . Once the two parameters are chosen, the top radius and height of the mirror are determined from Eqs. (1) and (2), respectively. According to Eq. (3), the radius r of the mirror at an arbitrary height z (0 ≤ z ≤ H) is also determined, where the position of the bottom of the mirror is set as z 0. It should be noted that the above equations were previously used for the macrosized 3D compound parabolic concentrators. However, the equations here are used to investigate the micrometer-sized parabolic lightdirecting mirrors. In this study, three kinds of mirrors with different geometries are investigated. The θ value is set as 10 deg, and the bottom diameters of the three mirrors are designed as 1.0, 1.2, and 1.5 μm, respectively. According to Eqs. (1) and (2), the top diameters of the three mirrors are 5.8, 6.9, and 8.6 μm, while their heights are 19.2, 23.0, and 28.8 μm, respectively. Based on the design, the three mirrors are fabricated on the glass substrate by the DLW method. A beam of femtosecond (∼300 fs) laser pulses at a repetition rate of 80 MHz and operating at a wavelength of 532 nm is focused into the commercial liquid polymer photoresist IP-L (Nanoscribe Gmbh) with an oil-immersion high-numerical aperture (NA) objective (Olympus, NA 1.4, 100×). The solid parabolic polymer mirrors are written by the 3D translation of the liquid photoresist mounted on a piezoelectric scanning stage (P562, Physik Instrumente). After the development of the photoresist in isopropanol, the samples are dried by using nitrogen and then sent to the physical vapor deposition system for the surface coating of titanium and silver. The total metal coating thickness is controlled in the range of 150-200 nm, where the titanium is deposited with a thickness of 10 nm as a seed layer. Finally, the focused ion beam (FIB) lithography method is used to drill holes at the bottom of these mirrors. As a comparison, three reference holes with diameters of 1.0, 1.2, and 1.5 μm (i.e., consistent with the bottom diameters of the three mirrors) are also drilled on the metal-coated flat substrate. Figure 1 demonstrates the fabricated three single mirrors with different geometry parameters and two kinds of mirror arrays with different arrangements. Figure 1(a) shows the 45 deg angular SEM image for the three single mirrors, where their bottom diameters are 1.0, 1.2, and 1.5 μm from left to right, respectively. It is found in Fig. 1(a) that the DLW method can fabricate freestanding micrometer-parabolic mirrors with different geometry parameters with a flexible design. The wall thickness of the mirror can be also tuned. Figures 1(b) and 1(c) show the SEM images at a 45 deg angular view for the fabricated two-mirror arrays consisting of discrete mirrors and compact mirrors. These mirror arrays demonstrate quite high uniformity. The mirror array shown in Fig. 1(b) can be considered for the micrometer-parabolic LED applications. Surely, other array arrangements such as a hexagonal array consisting of discrete mirrors can also be fabricated. As shown in Fig. 1(c) , the compact hexagonal mirror array can be considered for promising applications in ultrahighefficiency solar cells [2] . Figure 1(d) shows the mirrors cut by FIB lithography. The SEM morphology image of an enlarged regional inner surface is also demonstrated. The average size of the silver particles is in the range of 40-70 nm. Usually, higher roughness of the inner surface results in larger FWHM values. These important evidences, as shown in Fig. 1 , demonstrate the critical abilities of the DLW method in the fabrications of high-quality, free-standing, micrometer-parabolic mirror arrays.
In order to accurately assess the light-directing abilities of the mirrors, the separated mirrors with far enough distances are fabricated. Thus, any measurement error from the interference between the neighboring mirrors can be avoided. The bottom-up light divergence measurements are conducted by illuminating a focused laser beam at a wavelength of 633 nm (He-Ne) to the bottom hole of the mirrors and to the reference holes on the substrate. A 40× microscope objective with NA 0.65 is used for illumination, and another 40× microscope objective with NA 0.85 is used for taking images of the optical transmission. The images of the light spots are taken at different heights from 0 to 130 μm above the substrate with a period of 10 μm. The FWHM values are derived from the two line cuts at the center of the light spots with the maximum span and the minimum span of the spots, respectively. Then, the average FWHM value is obtained. The light-directing abilities are assessed by the average FWHM values as a function of height.
The light-directing abilities are investigated for the three mirrors named mirror Nos. 1, 2, and 3, with bottom diameters of 1.0, 1.2, and 1.5 μm, respectively. The diameters of the drilled holes at the bottom of the three mirrors are 1.0, 1.2, and 1.5 μm, respectively, which are consistent with the sizes of the bottom diameters of the mirrors. This is different from the report [3] , where the holes are drilled at different diameters for a given mirror. The measurement results of the light-directing ability as a function of height are shown in Fig. 2 . As references, the measurements for the three reference holes named bare Nos. 1, 2, and 3 are also demonstrated in Fig. 2 , where the diameters of the holes for bare Nos. 1, 2, and 3 are 1.0, 1.2, and 1.5 μm, respectively. It can be noticed from Fig. 2 that the FWHM values for the three mirrors increase very slowly in comparison with the rapidly increasing FWHM values for the three reference holes with respect to the increasing height above the substrate surface. The light-directing abilities for the mirrors are thus quite higher than those of the holes on the flat substrate. This is due to the fact that the parabolic mirrors can strongly confine the light toward the central axis of the mirrors and direct light along this axis. On the other hand, it is seen in Fig. 2 that the light-directing abilities of mirror Nos. 1, 2, and 3 are gradually increased. At a In addition, we compare the divergence measurements of the present mirrors with the previously reported result [3] . The authors of [3] reported the FWHM values of a mirror as a function of the height from 0 to 100 μm, where the mirror has the following geometry parameters: height of 22 μm, drilled bottom hole of 1.3 μm in diameter, and top diameter of 10 μm. It was demonstrated that the FWHM value of the peak was around 43 μm at a height of 100 μm. In our case, for mirror No. 2, the fabricated mirror has a height of 22.5 0.5 μm, a drilled bottom hole of 1.2 μm in diameter, and a top diameter of 6.9 μm. It can be seen in Fig. 2 that the FWHM value for mirror No. 2 is 11.1 μm at a height of 100 μm. The comparison shows that for the approximately fixed height and bottom hole size, an appropriate adjustment of the diameters in the x-y planes can lead to a roughly four-times decrease of the FWHM at a height of 100 μm. In contrast to [3] , the measurement height is further increased to 130 μm. The FWHM value for mirror No. 2 is only 14.5 μm, even when the measurement height is up to 130 μm. The only difference in the measurement condition between [3] and our case is the microscope objectives with slightly different NA values. The two objectives have NA values of 0.5 and 0.75 in [3] , whereas the NA values are 0.65 and 0.85, respectively, for our measurement. However, this difference does not involve a significant influence on the measured results of the FWHM for the parabolic mirrors.
For the identical mirror arrays, the light-directing abilities of every single mirror can be obtained through the measurement as shown the above. However, in contrast to the single mirror, the interference effect caused by the neighboring mirrors is involved for the mirror arrays. Whether the interference effect can play a significant role depends on the specific application of the mirror arrays. For example, the interference effect can be ignored when the mirror array consisting of compact hexangular mirrors is used for ultrahigh-efficiency solar cell applications, which is due to the fact that the primary function of the mirror array is to direct the radiative emission into a small solid angle. For the arrays consisting of separate mirrors for potential LED applications, the interference effect can be neglected when the space distance between the mirrors is obviously larger than the FWHM values. However, the interference effect should be considered when the space distance is close to or less than the FWHM values. For the mirror array shown in Fig. 1(b) , the interference effect is insignificant as the distance between the centers of two arbitrary mirrors is 40 μm, which is remarkably larger than the FWHM values. Therefore, the light-directing ability of the mirror array can be well demonstrated by that of a single mirror.
To theoretically understand the high light-directing mechanism for the mirrors, FDTD simulation is used to calculate the electric field intensity distributions by using Lumerical commercial software [14] . The optical properties of Ag are adopted from the handbook of Palik [15] . A focused Gaussian beam placed at the inner bottom of this mirror is used as an excitation source in the simulation. The wavelength and the NA are set as 633 nm and 0.65, which are consistent with the experiment. Figure 3 shows the cross-sectional electric field intensity (jEx; zj 2 ) distribution for mirror No. 2 in the x-z plane. It is seen that the electric field intensity distribution is highly confined toward the central axis of the mirror (or the z axis) and therefore enables us to direct light along this axis.
To make a quantitative investigation on the FWHM, we plot the images of the electric field intensity distribution in the x-y planes at different heights from the substrate surface. As a demonstration, the simulated images are presented in Figs depolarization-induced longitudinal component elongates the focal spot along the incident polarization direction (i.e., the x direction) [16, 17] In summary, the 3D micrometer-parabolic mirrors with high light-directing abilities are designed and fabricated. The FWHM values from the measurements are much less than 20 μm, even when the measurement height is up to 130 μm. The simulations reveal that the high lightdirecting abilities of the mirrors are due to the strong confinement of light toward the central axis of the mirrors and thus direct light along this axis. The results can be beneficial toward the development of highly collimating LEDs and ultrahigh-efficiency solar cells.
